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(57) Abstract: The invention describes a system and method lo separate ions (and charged particles) suspended in gas based on their 
ion eleclricaJ mobility. Most common ion mobility analyzers involve two parallel plate (or concentric cylinder) elements (electrodes) 
between which is imposed an electrical field perpendicular to a sheath gas flow field between the cylinders. Separation occurs 
because high mobility ions tend to follow the electrical field while low mobility ions lend to follow the flow field. This invention 
describes various configurations of electrical elements and sheath gas flow fields for ion mobility separation devices with unique 
performance characteristics. These characteristics include devices in which: the ion inlet and outlet are on the same element; the 
inlet and outlet are at the same voltage; the outlet is upstream from the inlet; the outlet is on the axis; the inlet is on the axis; and the 
ions are focused on the outlet. 
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TITLE JC14 Rec'd PCrypTO 14 NOV 200S 

[0001] ION MOBILITY SEPARATION DEVICES 
CROSS-REFERENCE TO RELATED APPUCAHONS 

[0002] This Application claims the benefit of U.S. l*rovisional Patent Application No. 60/449,080 

S filed 02/22/2003 which is incorporated by ref^ence herein in its entirety. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 

[0003] Not relevant. 

REFERENCES TO SEQUENCE LISTING, TABLES OR COMPUTER PROGRAM 
10 LISTING APPENDIX ON COMPACT DISK 

[0004] None. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0005] This invention generally relates to a method and apparatus for string and classifying ions 
15 suspended in gas based on their ion mobility. 

2. Description of the Related Art 

[0006] The separation and/or sizing of ions according to their different mobilities is widely used 
for a variety of applications. There term "ion" is used here to include not only molecular ions but 
also charged particles. Devices that separate ions by their ion mobilities (Z) will be referred to 

20 here as "Mobility Analyzers" (MA), even though their use may be more general. Separation of 
ions in time (SIT) can be achieved in pulsed systems by use of just dectric fields. This is the most 
commonly used technique for ion separation in a gas. Separation in space (SIS) is typically 
achieved by combining electric and fluid flow fields. SIS mobility analyzers have the advantage of 
being able to yield monomobile ion fi-actions which are steady rather than pulsed, and are, 

25 therefore, best suited for further use downstream in other instruments. SIS mobility analyzers 
have been most successfol in aerosol separation in the ranges between 10 and a few hundred nm. 
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but is now suitable also to cover the 1-lOnm range at resolutions as high as those typical of the 
best SIT instruments for ion analysis. 

[0007] This invention describes some novel designs for SIS type mobility analyzers. Common to 
all SIS instruments, a small flow of ions is introduced through a narrow slit or small orifice (the 
"Inlet") into a much larger laminar flow of sheath gas within a region where the ions move under 
the shnultaneous action of the sheath gas velocity field (U(x)) and the electric field (E(x)), where 
X is the vector determining position. The sheath gas flow should be substantiaUy ion fi-ee. The 
flow and electric fields are arranged so as to separate the ions by their mobilities (Z). The ion 
mobility is related to the diSusivityOD) of the ion by equation 1 : 

Equation]. Z = DNe/(kT) 

where e is the elementary charge, N is the total number of charges on the ion, K is the Boltzman 
constant and T is the absolute temperature. 

[0008] The region in which the separation occurs is referred to as the "Analyzing Region," The 
path followed by the ions in this analyzing region is a direct function of the ion's mobility. The 
term "trajectory" is used here to mean the average path followed by ions with the same Z. 
Individual Z-ions may deviate fi-om this average path due to difiusion or spdce charge eflTects, but 
the average of all the paths followed by the Z-ions would be the trajectory of the k-ions. The 
trajectories of very low mobility ions tend to follow the sheath gas flow field ("flow field") while 
the trajectories of very high mobility ions tend to follow the electric field. The trajectories of 
moderate mobility ions are in between these two extremes. After separation, a small fi-action of 
the separated ions pass into an "Outlet." This outlet may be either a second slit or orifice through 
which the ions are extracted or a well defined region in which the ion charge is collected. While 
small flow of gas usually accompanies the ions as they are injected into and/or extracted fi-om the 
analyzing region, ions may be introduced into or extracted by purely electric means, without a net 
flow of gas, as for example in the inlets of Strydom R., Leuschner A.H., Stoker P.H. (A Mobility 
Spectrometer for Measurement of Initial Properties of Po-218, Journal of Aerosol Science, 21 
(7): 859-873 1 990). Whether an ion is physically extracted fi-om the outlet or extracted bt 
electrical means, the ion is said to be collected at the outlet. MA devices are usually of one of 
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two types: diflferential or cumulative. Differential mobility analyzers (DMA) are designed so that 
ions of different mobilities strike the boundary of the analysing region at points which are 
dependent on the ion mobility. An outlet is positioned so that ions within a narrow range of the 
desired mobility are collected. Cumulative mobiUty analyzers (CMA) are designed so all or a 

5 relatively wide range of ion mobilities above or below a certain critical value reach the outlet. 
[0009] One goal of MA devices is to spatially separate ions of amilar mobilities by the greatest 
possible distance. The ions move along their trajectories in the analyzing region with a certain 
velocity. The velocity of an ion is a ftmction of the local values of U(x) and E(x). Figure 1 is a 
schematic drawing of a common prior art MA This MA consists of only two parallel conducting 

10 plates: a top plate (1 10) ^nd a bottom plate (120). These plates will be referred to as elements. 
The prior art device, therefore, has only two elements: the top element (1 10) and the bottom 
element (120). The term "element" can be used interchangeably with the term "electrode.'' 
[0010] A voltage difference (Vc) is placed on the top plate with respect to the bottom plate so 
that the £(x) field is perpendicular to the plates and acts to push the ions from the top plate to the 

15 bottom plate. Sheath gas (150) passes from right to left between the plates so the U(x) field acts 
to push the ions parallel to the plates from right to left. Hence in this prior art MA, E(x) and U(x) 
are perpendicular at all points. 

[0011] In order to analyze the performance of MA devices, it is convenient to work in terms of 
the 

20 dimensionless quantities as expressed in equation 2 a-f: 



where Uc is a characteristic sheath gas velocity, and L and Vc are the characteristic length and 
30 voltage difference, respectively. A convenient value of Uc is the average sheath gas velocity into 
the analyzing region. The dimensionless ion velocity may be written as equation 3: 



Equation 



2a 
2b 
2c 
2d 
2e 
2f 



Ui = Ui/Uc 
Ug = Ug/Uc 



E*=E/(Vc/L) 

V* = VA^c 
K = ZVc/(Uc L) 

x*=x/L 



Equation 3. 



Ui (x*)= u„ (x*>+ K E*(x*) 



3 
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For calculation piirposes, if it fiirther assumed that the sheath gas flow is ideal, in the sense that 
both the Ug(x*) and E*(x*) vector fields ^en by the gradient of a scalar potaitial governed by 
the Laplace equatioa So, in order to explore various MA designs one needs an eflBdent way of 
5 solving the Laplace Equation. A singularity method was used in this work. In this method, N 
singularities (line singularities for 2D; ring and/or point singularities for axi-symmetrical) are 
positioned outside ol^ but close to the analyzing region. N equations for the N unknown 
singularity source strengths are provided by specifying the boimdary conditions at N points on the 
boundary of the analyzing region. The N simultaneous linear equations are then solved for the N 

10 unknown singularity strengths. Two calculations are required, one each for E* and Ug. The 

Laplace equation must be solved subject to a set of boundary conditions for a given device. In the 
case of E*, the voltage is usually specified for the various elements. The boundary conditions for 
flow field require that a there is a certain flow rate into the analyzing region and the walls of the 
analyzing region are impenetrable to the gas except at inlets and outlets where there may be a net 

15 flux of gas. Knowing these singularity strengths, the field (E*(x*) pr Ug(x*)) at any pomt inside 
the analy^g region can be found by superimposing the fields of the N singularities. While a 
singularity method was used in the work that follows there are many ways of solving the Laplace 
Equation known to those skilled in the art. The particular method of solution is not germane to 
the invention. SuflSce it to say that by solving the Laplace Equation in dimensionless form using 

20 the above dimensionless quantities, the trajectories of ions with various mobilities can be traced 
through the analy2dng region startmg at the inlet m explicit terms of K instead of Z. The 
trajectories are calculated by repetitive use of Equation 3 as follows. The velocity at the inlet of 
an ion with a given K is first calculated by evaluating the E* and Ug at the inlet point and applying 
Equation 3. The ions are then allowed to move to a new point a small distance in the direction of 

25 the inlet ion velocity. E* and Ug are then calculated at this new point and a new uj is found from 
Equation 3. The ion then moves a short distance based on the new Ui and the process is repeated 
until the ion strikes a wall, an outlet or passes out of the analyzing re^on. Knowing the ml6t 
width and flow rate, and the outlet width and flow rate the range of K (AK) for ions that can be 
collected at the outlet can be determined for any configuration of a device. 
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[0012] The ion trajectories (160) are showa as solid lines emanating from the inlet (130) for the 
Jmor art DMA in terms of K in Figure 1 . An ion mobility spectram is produced by measuring the 
signal (current) of ions reaching the outlet (140) as a fiinction of the voltage diflFerence (Vc) 
between the plates. In dimensionless terms, such a mobility spectrum can be cast in terms of a 
5 "Transmission" as a fimction of K. The transmission is expressed in terms of the p^centage of 
ions of a certain K input into the MA which can reach the outlet and is independent of rate of 
input of these ions at the inlet. The signal in the ion mobility spectrum would then be proportional 
to the rate of input of K-ions multiplied by the transmission of that K-ion. The reason for using 
dimensionless quantities in this analysis is that while E(x) varies with Vc, E* is a fimction only of 
10 the device geometry. The dimensionless voltage (V*) has a value of 1 on the top plate (1 10) and 
0 on the bottom plate (120). After calculating the ion trajectories in terms of K, we find that ions 
i^thin a small range of a certain K, called Ko, can reach the outlet. The corresponding values of 
ion mobilities that can reach the outlet (Zo) are found by inverting Eqa 2d to become equation 4: 
Equation4. Zo= KoUcL/Vc 

15 

Hence, once Ko is determined, the ion mobilities that reach the outlet can be calculated for a given 
voltage difference betwcCT the plates (Vc). 

[0013] In Figure 1, the ions follow trajectories (160) fi-om the inlet (130) on the top plate (1 10) to 
20 the bottom plate (120). The slope of the trajectory line decreases with decreasing ion mobility. 
Hence, high mobility ions strike the bottom plate upstream fi-om the lower mobility ions. The 
outlet (140), located on the bottom plate (120), is positioned to collect ions of the desired 
mobility. 

25 [0014] A mobility spectrum may contain one or more peaks, corresponding to each of the ion 
species present in the inlet sample. The performance of a device is expressed in terms of 
Resohition (Res) per equation 5: 

Equations. Res = Zmcan/AZ 

30 where Zmcan is the mobility corresponding to the center of a given peak. For DMA's, AZ is the 
width of the peak at half the height of the peak. For CMA's AZ is the Z-diflference between no 
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signal and full signal. Alternatively, the resolution can be expressed in tenns of Kinst^^ 
Equation 6. Res = Kmcan/AK 

5 Where K^neaa is the vahie of K at the center of a peak. For DMA's, AK is the width of the 

transmission peak at half-height. For CMA's, AK is the K-diflference between no transmission and 
fiill transmission. The resolution may also be expressed as the inverse of the definitions given 
above. This inverse resolution (IRes) is expressed as in equation 7: 
Equation 7. IRes = 100 / Res 

10 [0015] The larger the value of Res, the smaller is the value of IRes. So a high resolution would 
mean a small IRes. It is desirable to have the resolution as high as possible. In other words, it is 
desirable to have the width at half height of a peak (AZ, AK) to be as small as possible. If the 
resolution is low, it is possible that when two ions with similar mobilities are present, their ion 
mobility spectrum peaks may be so close that they merge into a single peak and their individual 

15 identities would not be detected. A high resolution device, on the other hand, would be able to 
show, or resolve, the two peaks, making identification of the individual ion species easier. The 
resolution of a device is affected by several factors mcluding the widths and flows of the inlet and 
outiet, ion spread in the analyzing region resulting fi-om dififusion and sheath gas irregularities 
such as turbulence and boundary layer effects. As was shown in Rosell-Llompart et al., 

20 Minimization of the diflEusive broadening of ultrafine particles in differential mobility analyzers, in 
Synthesis and Characterization of Ultrafine Particles, pp. 109-114 (1993), it is desirable to have 
the sheath gas flow rate as high as possible in order to minimize difiusion spreading and boundary 
layer effects. The rate of sheath gas flow is usually characterized by the Reynolds Number (Re) 
Equations Re =2LUg,ave/v 

25 Where v is the kinematic viscosity of the gas and Ug,ave is the average gas velocity m a channel. 
A high sheath gas flow rate means the Reynolds number should be as high as possible to minimize 
difiusive effects. There are, however, limitations on the maximum sheath gas flow rate before the 
onset of turbulence. Achieving high Reynolds number flow without turbulence is difficult, de Juan 
and de la Mora (J. Aerosol Sci. 29, 617-626, 1998) showed how to achieve Reynolds numbers as 
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high as 5000 in a device similar to th^t disclosed by Witikhnair, et.al., A New Electro-mobility 
Spectrometer for the Measurement of Aerosol Size Distributions in the Size Range from 1 to 
1,000 Nanometers, I Aerosol Sd., Vol 22, pp 289-296 (1991). Some aspects of aohieving high 
Reynolds numbers while avoiding turbulence were disclosed by de la Mora, et.al in U.S. patent 
5 No 5,869,83 1 and U.S. patent No. 5,936,242 by reducing perturbations in the mlet sheath gas 
flow by using stages of laminarizing screens and filters followed by rapid acceleration of the 
sheath gas prior to introduction into the analyzing regioa Using this technique Reynolds numbers 
of the order of 35,000 were attained before the onset of turbulence. 
[0016] The MA shown in Figure 1 may be described as two dhnensional (2D) because the 

10 analyzing region is between two parallel plates. An alternative to this 2D design is one in which 
the top and bottom plates are replaced by concentric cylinders. This alternative design is called 
"axi-symmetric" (AS) because it is symmetrical about the cylmder center line (axis). The 
trajectories of the ions in the AS design are schematically the same as m the 2D design. It 
should be noted that in the prior art MA devices all ions within the analyzing r^on move 

15 contmuously from the top plate to the bottom plate. This means that the velocities of the ions, 
as they move along their trajectories, are at aU points in the analyzing region greater than zero. 

[0017] A few previous authors have investigated non-traditional MA configurations with the goal 
of achieving certain desirable operational advantages. Loscertales , Drifl: Differential Mobility 

20 Analyzer, J Aerosol Sci., Vol 29, ppl 1 17-1 139, 1998 described a DMA device in which an 

electric field antiparallel to the fluid flow is imposed in addition to the traditional transverse field. 
The main novelty of the Locertales device stems fi-om the fact that it substitutes the traditional 
two-element DMA geometry by one with effectively an mfinite number of mfinitesimal elements. 
In the particular case where the electric and fluid flow fields are both spatially uniform 

25 Loscertales demonstrates the possibility of singularly high resolving powers. EEs design uses two 
surfaces supporting constant tangential electric fields rather than constant voltages. A working 
device based on the Losc^ales principles, however, has yet to be built. Tammet, The Limits of 
Air Ion Mobility Resolution, Proc. 1 1*^ Int. Conf Atmos. Electr., NASA, MSFC, Alabama, 626- 
629, 1999, described a working device called an Inclined Grid Mobility Analyzer (IGMA) in an 

30 attempt to simulate the fields m a Loscertales DMA. In the IGMA, the sheath gas passes through 
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two inclined electrified screens that are held at different voltages. The voltage on the screens 
generates the electrical field for the analyzmg region located between the screens. The 
interference of the sheath gas flow as it passes through the screens, however, produces a 
complicated aerodynamic flow (turbulence) which is one of the shortcomings of the device. The 
screens in the Tammet device are what may be called perturbing screens. A perturbing screen is 
one in which introduces turbulence in the analyzing region. A non-pertuibing screen is one which 
is downstream of the analyzing region or is in a position upstream of the analyzing region where 
the sheath gas flow channel has a wider area and substantially smaller Rqoiolds Number, so 
turbulence is not generated or if turbulence is generated it decays substantially downstream of the 
screen and has little if any affect in the analyzing region. The Tammet device has a large voltage 
jump at the inlet resulting in significant losses of ions before they can enta- the analyzing region. 
To moderate these losses, Tammet uses an inlet opening that is much wider than is typical for the 
traditional MA devices such as that shown in Figure 1 . Indeed, if the inlet in the Tammet device 
were narrow, that is similar m width to those in traditional MA devices, few if 3ny ions would be 
able to enter the analyzing region. With a few other relevant exceptions (Flagan, R. C. and 
Zhang, S.tt., 1997, Radial differential mobility analyzer, US patent 5,596,136; J. Fernandez de la 
Mora, Diffusion broadening in converging differential mobility analyzers, J. Aerosol Science, 33, 
411-437, 2002), traditional DMA analyzing region designs have tended to be limited first 
geometrically, to parallel or coaxial qrlmdrical geometries. Second, except for Loscertale's Drift 
DMA, which is still only conceptual, almost all DMA designs involve two elements only. Third, 
the ion inlet and outlet have always been located in different elements. From these later two 
restrictions alone two serious complicating features follow inevitably. If a voltage difference 
between the elements is necessary to establish a field in the analyzing region, while the inlet is in 
one electrode and the outlet is located on the other, the inlet and outlet Imes need to be at 
different voltages. This then prechides carving the analyzing region of the DMA fi-om a smgle 
piece of metal, which would be ideal for achieving a precise alignment. A second related problem 
is that the sampled aerosol is often at or near ground (such as in atmospheric sampling, or when 
sampling fi-om aerosol generators that cannot be floated), while the aerosol detector often also 
needs to be at or near ground. Consequently, a high voltage jump needs to be unposed either on 
the inlet ot the outlet, and the associated fields lead to considerable sample losses, especially in 
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the nanometer size range. This problem is particularly acute in cases involving the use of two or 
more MAs in tandem, since the losses associated to each voltage jump grow exponentially with 
the number of MA stages. In light of this, it would be desirable to have MA devices in which the 
voltage difference between the inlet and outlet is as small as possible. 

5 

BRIEF SUMMARY OF THE INVENTION 

[0018] The present invention comprises a method and apparatus for separating ions suspended in 
gas in a mobility analyzer having an inlet and an outlet said method comprising the following 
steps: 

10 a) mtroducing a stream of ions of into an analyzing region through said inlet; 

b) introducing laminar sheath gas flow into said mobility analyzer upstream from said analyzing 
region; 

c) maintaining of said laminar sheath gas flow as substantially laminar in the said analyzing 
region; 

15 d) providing an electrical field in said analyzing region wherein said electrical field is generated 
by elements charged to various voltages said elements being separated by junctions; 

e) using the said laminar sheath gas flow and the said electrical field to separate the ions by 
mobility in the said analyzing region; 

f) collecting said separated ions within in said outlet. 
20 The said elements separated by junctions have unique separation characteristics. For example. 
Devices which use said elements may have some or most of the following features: focusing of the 
separated ions on the outiet; said inlet and the said outiet to be on the same element, or on 
diflferent 

elements that are at the same, or nearly the same voltage; said outlet to be on the centerime/axis 
25 ofa 

device; said inlet to be on the centerline^axis of a device; said outiet to be upstream of said inlet 
The invention also shows that the affects of said elements may be augmented and/or simulated by 
the use of auxiliary flows of sheath gas. 
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BRIEF DESCMPHON OF THE DRAWINGS 

[0D19] The figures below depict various aspects and features of the present invention in 
accordance with the teachings herein. 

[0020] Figure 1 is a schematic cross-sectional view of a conunon prior art device including ion 
trajectories. 

[0021] Figure 2 shows as a schanatic cross-sectional view of a three element device inchiding io 

trajectories. 

[0022] Figure 3 shows the electrical fieldlines and flow field in a three element device. 

[0023] Figure 4 shows the transmission as a fimction of K for various injet ion flow Auctions for 

three element device 

[0024] Figure 5A - D show schematic cross-sectional views of a six element device including ioi 
trajectories. 

[0025] Figure 6a shows a schematic cross-sectional view of a three element device with an 
auxiliary outlet flow. 

[0026] Figure 6b ?hows a schematic cross-sectional view of a three element device with aujdliaiy 
outlet and auxiliary inlet flows. 

[0027] Figure 7a shows a schematic cross-sectional view of a two element device. 
[0028] Figure 7b shows the fieldlines and flow field in a two element device 
[0029] Figure 7c-e show the trajectories in a two element device. 

[0030] Figure 8a-b Shows transmission as a fimction of K for various Qo values in a two element 
device a) Qi=0 b)Qi=l% 

[0031] Figure 9 shows the Inverse Resolution as a fimction of actual Voltage for a working two 
element device, where one of the elements is a screen located suflSciently upstream of the 
analyzing section, and provided with a flow cross section substantiaUy larger than the flow cross 
section in the analyzing region so that the screen is non-perturbing. 

[0032] Figure 10 shows a schematic cross-sectional view and ion trajectories in an axial ion inlet 
device. 

[0033] Figure 1 1 shows a schematic cross-sectional view and ion trajectories in an axial ion inlet 
device with multiple junctions on the outer q^linder. 
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DETAILED DESCMPTION OF TBDE INVENTION 
THREE ELEMENT DEVICES 

[0034] The present invention has many possible embodimwits. The purpose of the following 
sections is to show a few of these embodiments which demonstrate how specially configured 
elements can be used to obtained the desired characteristics. Others onbodiments should be 
obvious to those skilled in the art. Figure 2 shows one embodiment of the current inventioa The 
device shown is similar to the one shown in Figure 1. It has a top plate (200) and a parallel 
bottom plate. In contrast to Figure 1, the bottom "plate" has two elements (210,220). There is a 
voltage diflferraice between the bottom left (220) and bottom right elements (210). A "junction" 
(250) separates the bottom left (220) and bottom right (210) elements and enables these elements 
to be at dLGferent voltages. To be considered a junction, the junction must be sufficiently near the 
anafyzang region so the strong electrical fields near the jynction aflfect the trajectories of the ions 
in the analyzing region. Physically, a junction may be, for instance, a thin strip of insulating 
material or gap of suffidait reastance to prevent ardng between the elements. A construction 
that generates large voltage jumps near the inlet or outlet with the resulting loss of Zo-ions would 
not be considered a junction. 

[0035] The device shown in Figure 2, therefore has a total of three elements: the top plate (200) 
and the left (220) and right (210) sections of the bottom plate and one junction (250). The 
characteristic length is L, the distance between the top and bottom plates and the characteristic 
voltage is the potential difference between the bottom electrodes. This means if the top element is 
at ground, then the left bottom element (220) is at a dimensionless voltage (Vm*) of +0.5 and for 
the bottom right element(210) Vbr*= -0.5. The ion inlet (230) is on the top plate (200) upstream 
fi-om the junction (250) in the bottom plate. The potential difference between the bottom 
elements is such that an ion in the E(x)) field created by this potential difference acts to push the 
ions near the junction in a direction opposite to the sheath fluid flow. The percent ion inlet flow 
(Qi) is equal to the ion outlet flow percent (Qo) and the inlet (230) and outlet (240) are 
symmetrical above the junction. In this figure the distance between the inlet (230) and outlet (240) 
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is L. Laminar sheafh gas flows (260) into the analyzing region from right to left. Since the 
analysis is presented dimensionless terms, reference is made to K instead of Z. 

[0036] The solid lines (280,290) in Figure 2 are the trajectories of ions for various K (mobilities). 
S The broken curve indicates a particular tr^ectory called the ion stagnation tr^yectoiy. An ion 
stagnation tr^ectory is one that passes through an ion stagnation point (270). Ions that follow 
this trajectory have a K dedgnated as Ks. An ion stagnation point is created where the product of 
K a^d the local dimensionless field strength is equal and opposite to the local flow field (K E*(x*) 
= -Ug(x*)) and the Ks-ion velocity goes to zero. The ion stagnation trajectory starts at the inlet 

10 (230) and goes to the ion stagnation point (270) where it splits into two branches: one branch 
(275 A) leading to the outlet (240), the other branch (275B) leading to the bottom right element 
(210). The ion stagnation trajectoiy has the unique property of separating ions with K > Ksfrom 
ions with K < Ks. It is this separation of high and low mobility (K) ions that makes the ion 
stagnation trajectory and ion stagnation point important. Figure 2 clearly shows two sets of ion 

15 trajectories ^parated by the stagnation trajectory. One set (290) is for ions in which K > Ks. 

These ions do not reach the indicated outlet (240) but strike the bottom right element (210). The 
other set (280) is for ions with K< Ks. The ions in this set (280) leave the inlet (230), traverse the 
analyzing region and are focused on the indicated outlet (240). The fact that all ions with K < Ks 
are focused on the outlet means that this device acts like a low-pass filter, or a CMA. 

20 

[0037] The focusing efiect observed may be understood by noting that ion trajectories are 
characterized by a constant value of the group ti(x) = Y(x) + K A(x), where ^(x) and A(x) are 
the usual stream fijnctions for the flow and electric fields, respectively. The ions that are reflected 
return to the original plate from which they are emitted, where ^(x) takes the same value as at 

25 injection. This coinddence holds independently of the ion mobility. For an ion of any mobility to 
be able to return to that plate A(x) must take the same value at the arrival point as at the injection 
point. But if both stream functions take the same value at the injection and the focusing pomt, 
then, the group r) is conserved for all ions independently of their mobility. In other words, if one 
ion returns td the plate where it was emitted, many other ions of different mobilities origmating in 

30 the same point can also return to exactly the same final point, hence the focusing observed. This 
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reasoning shows that ions of widely differing K can be focused into one point, but it does not . 
show that all ions be focused. Indeed, ions with K > Ks cannot penetrate the junction plane 
because the values of ^ and A on this plane ( Tj(y) ,Aj(y)) are such that for any point a 
distance y above the junction, ^j(y) + K Aj(y) <> + K Ab, where "in" indicates conditions 
5 at the inlet. Hence, the ion cannot cross the junction plane. 

[0038] Figure 3 shows the dimensionless electric field as dashed lines (365) and the sheath gas 
Stream as dotted lines (375) that exist in the device. The streamlines are parallel to the plates and 
point in the direction of the indicated sheath gas flow (260) while the field lines strike the top and 

10 bottom plates at 90 degree angles. The shapes of the fieldlines (365) are symmetrical about the 
junction plane. To the right of the junction (250), however, the fiddlines (365) tend to point fi-om 
the top plate (200) to the bottom right element (210) while to the left of the junction (250), the 
field points fi-om the bottom left (220) to the top element (200). Li the region between the inlet 
and the outlet, the electric field lines (365) and the streamlines (375) cross at varying angles. In 

15 the vicinity of the inlet, the electric field is nearly perpendicular to the streamlines, pulling the ions 
into the flow and away fi^'om the inlet. In the center of the analyzing region near the junction 
(250), the electric field is anti-parallel to the streamlines. Near the indicated outlet, the electric 
field (365) is again neariy perpendicular to the streamlines (375), but acts toward the top plate 
and, thus, pulls the ions towards the outlet (240). The changmg of the electric field with position 

20 indicates that the du-ection of the electric field varies within the analyzing region and is not always 
perpendicular to the flow field. 

[0039] Figure 4 shows the Transmission curves for the above three element device for various Qj. 
Qi is the flow rate through the inlet as a percentage of the total sheath gas flow rate. As can be 

25 seen from this figure, for small values of Qi, the transition fi-om no transmission to fiill 

transmission is abrupt and occurs over a small increment of K, indicating good resohition. For 
example, the resolution, as defined in Eqn.(3), for Qi = 0.25% is 260. As Qi increases, the 
transition occurs over a wider increment of K and the resolution, therefore, decreases. The 
resolution is 75 for Qi = 1% and 35 for Qi = 2%. The decrease in resolution with increasing inlet 

30 flow is a reflection of the increased ion spread at the inlet due to the increased inlet flow. 
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[0040] The device shown in Figure 2, therefore, has at least five features not found in the 
traditional DMA of Figure 1 : 1) the presence of an ion stagnation point 2) The outlet is on the 
same elwnent as the inlet. 3) the ions are fooised on the outlet. 4) the electric field and the sheath 
gas flow vectors ctoss are varying angles within the analyzing region 5) the outlet is at the same 
potential as the inlet A device in which the inlet and outlet are at the same voltage (electrical 
potential) afid \^ere the ion trajectories going from the inlet to the outlet do not travel through 
the vicinity of a junction will be referred to as an isopotential device. Isopotential devices 
represent an important class of MA's for several reasons. First, their use is not limited by prior 
pataits, which have ^ically required a voltage difference b^een inlets and outlets. Second they 
avoid outlet losses assodated with voltage jumps, which makes them ideally suited for use of one 
or several MA devices in tandem with other MAs or even with other instruments such as a mass 
spectrometer for fiirthw analysis of the efiBuent. While the device shown in Figure 2 was 2D an 
analogous axi-symmetrical (AS) device can also be fashioned by repladng the parallel plates with 
concentric cylinders. It should also be mentioned that the strike points of high mobility ions (290) 
on the bottom right element (210) are dependent on the ion mobility. The higher the mobility, the 
ferther upstream the strike point. A DMA outlet could be placed in the bottom right element 
(210). 

[0041] This particular embodiment of the invention shows how the presence of one junction 
affects the characteristics of an MA. In this case the bottom right element (210) is attractive with 
respect to the bottom left element (220). If the polarity of these elements were reversed, so that 
the right element was repulsive with respect to the left element, a different MA would be 
achieved. The ions in this reversed polarity device wiwild strike at points on the bottom left 
dement (220) according to their ion mobility with the higher mobility ions striking closer to the 
junction (250) than lower mobility ions. A DMA outlet could then be placed on the bottom left 
(220) element, but this outlet would not be isopotential. 
SIX ELEMENT DEVICES 

[0042] By specially configuring several elements, separated by junctions, MA devices with unique 
characteristics can be achieved. Figure 5 shows a schematic cross-sectional view of a device with 
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six elements along with various ion trajectories. The device consists of two parallel plates 
separated by a distance L, the characteristic distance. The sheath gas (560) flows as indicated 
between the plates from right to left. The bottom plate has a bottom left element (525) and a 
bottom right element (520) separated by a junction (541). The characteristic voltage for this 
5 device is the potential difiference between the bottom left (Vu) and right (Vh,) voltages. Hence in 
dimensionless terms, Vm*= 0.5, Vhr*= -0.5. The top plate has four elements separated by three 
junctions (540). The top elements are arranged symmetrically above the bottom junction (541). 
The inlet (530) and outlet (535) are located on the top right (500) and top left (515) elements, 
respectively. The top left (Vu) and top right (Vtr) potentials are set at ground. The top middle 

10 right element (505) is at an attractive voltage of Vmr, while the top middle left element (5 JO) is at 
rqpulsive voltage (yj) such that Vmr— Vmi. In this particular device, the top middle elements 
(505, 5 10) are of half unit length (L/2) and the inlet (530) is a unit distant (L) upstream from the ' 
bottom junction and the outlet is a unit distance (L) downstream from the bottom junction. As 
will be shown, this device acts like an ion mobility filter in a sense because it allows only ions 

15 within a certain mobility range to reach the outlet. This mobility range may be considered to be 
the bandwidth of the ion mobility filter. 

[0043] The range of mobilities of the ions that can reach the outlet is adjusted by varying the 
voltages on the top middle elements. Figure 5a shows various ion trajectories when Vmr*=-0.28 

20 (Vmi*=0.28). There is a stagnation trajectory, shown as a dashed curve, that passes through an 
ion stagnation point (570). The ion stagnation trajectory is a smgle curve from the inlet (530) to 
the stagnation point (570), where it splits into two branches, one branch (575B) goes to the top 
middle right element (505), the other branch (575B) goes to the bottom left element (520). As 
was also seen in Figure 2, this splittuig into branches beyond the stagnation point is a common 

25 feature of stagnation trajectories. The ion stagnation pomt (570) corresponds to a K of 1.622 (= 
Ks). There is a set of trajectories (580) for ions with K < K!s These ions are focused on the top 
right middle element (505), There is another set of ion trajectories (590) for ions with K>Ks that 
hit the bottom right element (520). For this particular combuiation of voUages, the ion filter is 
closed, with no ions reaching the indicated outlet (535). 
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[0044] As V.„r* is increased slightly to -0.27 (V„d*=0.27) (Figure 5b), two stagnation points 
(571,570) appear for K of 1.594 (Ksi, 571) and 1.601 (Ks2, 570). The ion trajectories for ions 
with K < Ksi (580) strike the top middle right element (505) while the ion trajectories for ions 
with K> Ks2 (590) strike the bottom right element (520). Ions such that Ksi< K < Ks2 can pass 
through the filter and are focused on the outlet. The trajectories of these ions are marked as 585 
in the drawing. As in the three element device, the focusmg arises &om the symmetry of the 
device and the fact that the ion streamfiinction is a constant. The AK/K for such a device is 
.0043, where AK = Ksi-Ksi ,raising the possibility of a resolution as high as 228. Provided 
difRjsion and/or space charge do not significantly reduce the resolution, such a low-pass filter 
could be used for high resohition mobility analysis and would act like a DMA. 
[0045] Increasing V^* to -0.2 (V„d*=0.2) (Figure 5c), allows ions with 1.133 <K < L485 to 
pass to the outlet. In this case AK/Kof 0.249 which equates to a resohition of only 4. A device 
with such low resolution however, could not be xised for mobility analysis but could be used as a 
filter for another tandem downstream device. For sample, the downstream device may be 
sensitive to space charge. Pre-filtering so as to remove any undesirable high and low mobility 
ions may reduce space charge and improve the performance of the downstream device. 

[0046] Increasing Vmr* to above -0.15 (V,„i*=0.15)(Fjgure 5d) allows virtuaUy all ions with 
K<1.422 to pass through to the outlet and acts like a low-pass filter or CMA. Indeed, when Vnir 
= 0, which means there is no voltage difference between adjacent top elements, the six element 
device would behave like a three element device. It should be mentioned that all the specific 
numbers for the voltages and the associated K values are for illustrative purposes only. Other 
configurations and therefore other values of these parameters can be used. For example, the top 
middle elements (505,510) can be either longer or narrower, the inlet and outlet may be closer or 
farther apart. Such changes in configurations should be obvious to anyone skilled in the art. The 
behavior of a device could be determined by solving the appropriate equations (i.e. Laplace's 
Equation for the electric field and either Laplace's equation or the Navier-Stokes equation for the 
flow field) for the specific element lengths and locations and then mapping the ion trajectories as 
described above. It is also possible to locate the ion outlet at different positions than the one 
indicated. For example, an ion outlet position on the bottom right (520) element would act like a 
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DMA outlet because the high mobility ions strike tl^at element according to mobility. An element 
located at the focal point of the ions on the top middle right element (50SX on the other hand, will 
act as a CMA outlet. 

5 USE OF AUXDUARY FLOWS 

[0047] We have noted the control advantages offered by MAs with jimction and stagnation 
points. On the other hand, the focusing feature observed may be a disadvantage in specific 
applications, such as when a traditional DMA response is desired in combination with the 
isopotential feature introduced here. We have noted that focusing is forced by the fact that the 

10 fluid streamfimction takes the same value at the inlet and outlet points. The CMA could then be 
turned into a DMA by fordng the streamfimction ^ to take different values and ^2 at the 
injection and samplmg points, respectively. Physically this can be achieved by introducing and/or 
extracting a net flow of substantially ion-free sheath gas somewhere between the mjection and 
sampling points. This net flow of sheath gas which changes the streamfunction between the ion 

15 inlet and outiet is referred to as auxiliary flow. If auxiliaiy flow is introduced in a configuration 
akin to that of Figure 2, some ion trajectories would return to the collector wall held at the same 
potential as the injection port. The critical condition for this to happen is that K = Q¥i - y2)/(Ai - 
A2). Since now Wi and differ fi-om each other, Ai - A2 must also be different and only a 
unique mobility K will reach the sampling point, held at a fixed electrical streamfimction A. 

20 Figure 6a schematically shows a device similar to that in Figure 2 but with one auxiliary flow 
outiet (625) located directiy above the junction (640) in the bbttom plate. In this device sheath 
gas (660) flows as indicated from right to left between two parallel plates. As in Figure 2, the 
bottom plate has two elements- a bottom left (620) and a bottom right (610) element separated by 
a junction (640). The ion inlet (630) is on the top plate (600) upstream form the junction (640). 

25 Low mobility ions are entrained by and extracted through the auxiliary flow outiet (625). The set 
of trajectories for these ions is marked as 680. The set of trajectories for the high mobility ions 
(690) pass below the indicated stagnation trajectory (675) (dashed lines) and stagnation point 
(670) and strike the bottom right element (610). The trajectories for ions with mobilities in 
between the high and low (685) are not focused and strike the top plate (600) downstream of the 

30 auxiliary outiet (625) at pomts that depend on the ion mobility. Ions with higher mobilities will 
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Strike the plate Either down stream than the lower tQobility ions. An outlet (635) located 
upstream from the stagnation trajectory but downstream of the auxiliary outlet would be a DMA 
outlet. 

5 [0048] More than one auxiliary flow can be introduced. As shown in figure 6b for a particular 
instance in which the net auxiliary flow in and out cancel each other exactly. In this figure, the top 
middle right element (505) of figure 5 is replaced by an orifice or slit through which auxiliary fluid 
is extracted (622) and the middle top left element (510) is replaced with an orifice or slit m which 
auxiliary fluid is input (624). Note that the figure is schematic, as the auxiliary flow introduced in 

10 624 should preferably enter m a suffidently smooth and streamlined fashion such that the flow 
field reniams laminar. This device has three elements: the top plate (600) and a bottom left (620) 
and bottom right (610) elements separated by a junction (640). This input/extraction of auxiliary 
fluid has a similar effect on the ion trajectories as the middle elements (505,510) in Figure 5. As 
in Figure 5, the device shown in Figure 6b has two stagnation points: one near the auxiliary outlet 

15 (not marked) and the one marked 670. Low mobility ions (680) are extracted through the 
auxiliary outlet (622) while the high mobility ions (690) strike the bottom right element (610). 
The ions between these extremes of mobilities (685) are focused on the indicated outlet (631). 
The collected mobility range ("bandwidth") of this device can be manipulated by varying the 
auxiliary flow rate. In order to maintain focusing, and decrease in the auxihary flow outlet must be 

20 matched by a decrease in the auxiliary flow inlet so the net auxiliary flow is zero. Decreasing the 
auxiliary flow rate will widen the bandwidth, while increasing the auxiliary flow will narrow the 
bandv^dth, much in the same way that changing the top middle element voltages in Figure 5 
changed the bandwidth. This means that auxiliary flows into/out of the analyzing region may be 
used as an alternative to additional elements to produce the desired ion separation. 

25 

[0049] It should be mentioned that an auxiliary flow outlet (suction) may also serve as an ion 
collector outlet. Indeed the auxiliary flow outlets m Figures 6a and b also serve as CMA ion 
collector outlets. One can easily imagine a device which has several auxiliary flow outlets which 
serve the dual functions of changing the stream function and as outlets for sampling ions. A 
30 device mth multiple ion collector outlets is another unique feature of this invention. It should be 
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mentioned that while, all auxiliary into the analyzing region flow should be substantially ion-free, 
auxiliary flow out of the analyzing region may contain extracted ions. 

» 

A TWO ELEMENT DEVICE 
5 [0050] An interesting configuration of elements is shown m Hgure 7a. The device is axi- 

symmetric with three msyor structural components: an inner section (710X an out^ section (700) 
and an electrified screen (740). Note that screen 740 is of the non-perturbing type, as it is located 
substantially upstream of the analyzing region and has a flow cross section larger than that in the 
analyzing re^on: The modest contraction ratio between the screen and the analyzing region 

10 ishown in the figure is just for purposes of illustrations, and considerably larger area rations may 
often be desirable. Anoth^ novel features of this device is thU the inner section (710) and the 
outer section (700) can be carved fi'om a smgle piece of conducting material Carving fi-om one 
piece allows for very accurate machining, ^d therefore, excellent alignment of the sections. * 
Since the inner and outer sections are not electrically isolated fi^om one another, they comprise a 

15 single element, 

[0051] The inner section is cylindrical with radius RI on one end and is "bullet shaped"(71S) on 
the other. The ion outiet (730) is a hole drilled through the center line (axis, 750) of the mner 
section (710). In operating this device, a fi-action of the sheath gas is extracted throug^h the outlet 

20 (730). The outer section is cylindrical with a radius ROl, blending mto a larger cylinder of radius 
R02. The conical blending section is referred to as the "trumpet (735)". The angle of the trumpet 
in this device is 17 degrees but other angles are possible. A metallic screen (740) is located a 
distance LS upstream fi-om the tip of the bullet. It is electrified but insulated fi-om the inner and 
outer sections and is, therefore, the second element of this two element device. A junction (725), 

25 therefore, exists between the electrified screen (740) and the outer section (700). Sheath gas 
(760) is introduced into the analyzing region through the screen (740) fi-om right to left. The 
Sheath gas is accelerated as it passes through the converging trumpet. Most of the sheath fluid 
passes over the bullet (715) and through the annuius (745) between the inner (710) and outer 
sections (700) and discharges through holes drilled (not shown) between theses sections far 

30 downstream fi-om the bullet. A fi-action of the sheath fluid, however, is sucked through the outiet 
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(730). Ions to be analyzed are introduced through an inlet slit (720) in the trumpet region (735) of 
the outer section a distance LI upstream from the outlet (730). An attractive potential difiference 
is maintained between the screen (740) and the inner/outer sections. It is common practice in 
prior DMA devices to place a screen fer upstream from the analyang region in oido- to laminarize 
the sheath gas flow, which is the only purpose of the screen in such devices. In this device, the 
screen is electrified and serves to generate the electrical field in the analyang region in addition to 
laminariang the sheath gas flow. This screen differs also fix>m Tammet's, in that Tammet's 
screens make the flow turbulent while the present screens make it laminar. 
[0052] Figure 7b shows the fieldlines (dashed lines) and streamlines (dotted lines) for this device 
for the indicated dimensions using RI as the characteristic length. In t«ms of dim«isionless 
dimensions, for this device, IU=1, RT=0.05, R01=2, R02=2.764, LI=1.36 and LS=2.5 As 
drawn, the streamlines begin to the right of the electrified screai and are directed &om right to 
lefl: in the indicated direction of the sheath gas (760). The fieldlmes, on the other hand, are 
directed fix)m inner/outer element towards the screen. Near the inlet (720), the radial components 
of both E*(x*) and u(x*) point towards the axis. The axial components, on the other hand, 
oppose each other -ivith the electric field tending to push the ions upstream, towards the screen 
and the sheath (760) tends to push them downstream towards the inner/outer annulus. One 
striking feature of this device is the vicinity of the bullet, E*(x) pomts away from the outlet. Li 
all conventional DMA's (and in the above mentioned devices), E*(i) is always directed towards 
tiie outlet helping to collect the ions. In this device, E*(x) impedes the ion collection. The 
effects of u(x*) and E**(x") on ion trajectories (solid curves) are shown in Figure 7c for a device 
with a 1% inlet flow and 2% outlet flow. 

[0053] The dashed curves indicate there are two ion stagnation trajectories (768,772) passuig 
through ion stagnation points (765) and (770). One stagnation trajectoiy (768), corresponding to 
Ksi passes through the off-axis stagnation point (765), where it branches. One branch goes 
around the bullet and into the inner/outer annuhis ^fMe the other branch goes to the outlet (730). 
The other stagnation trajectory (772), correspondmg to Ks2 passes through the on axis ioh 
stagnation point (770) where it branches. One branch goes along the axis (750) to the screen 
while the other branch goes along the axis to the outlet (730). Figure 7C shows two sets of ion 
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trajectories. One set (775) is for ions with K < Ksi . These ions cannot reach the outlet (730) and 
are pushed downstream by the sheath gas through the inner/outer annulus and exit through a 
s^es of holes drilled into the back of the device (not shown). The other set of trajectories (785) 
is for ions with K> Ks2 . These ions cannot reach the outlet and are attracted upstream to the 
5 screen' (740). Only ions with a Ksi < K < ICs2 approach sufficiently close to the outlet (730) to 
be entrained by the fractional outlet flow and collected. One consideration in designing an MA is 
to separate the trajectories of the collected ion by the greatest distance from the other trajectories. 
If spatial separation were the only consideration, the fact that there is a deficiency of trajectories 
near the bullet indicates the strong possible resolving power of thei device. 

10 

[0054] An essential feature of the above device clearly is the outlet flow percentage(Qo). There is 
a threshold value for this outlet flow (Qot), below which th^e is no signal because the repulsive 
electrical field at the tip of the bullet impedes ion collection. This is shown in Figure 7d for the 
case of Qo = 0.25% . In this figure, the two ion stagnation points (765,770) are on the axis and 

15 correspond to the same ion stagnation trajectory (772) but there is not enough outlet flow to . 
counteract the outwardly directed electrical field. After passmg ion stagnation point 765, the ions 
move tangentially around the bullet into the inner/outer annulus creating an ion-free region near 
the outlet (except by difiusion or space charge efifects). It should be noted that the stagnation 
trajectory has a second branch that is not shown.. This second branch in this cross-sectional view 

20 passes below the axis and around the underside of the bullet. Increasing the outlet flow (Qo = 
0.5% Figure 7e) allows ions withm a very narrow range of K to reach the outlet (730). Hence, Qot 
for this device is around 0.5% 

[0055] The effect of Qo on resolution and transmission is shown in Figure 8a. In this figure, the 
25 transmission curves for various Qo when the inlet flow (Qi) is much less than 1%. Notice that flie 
transmission mcreases with increasing Qo. For Qo = 1%, the transmission is 50% and increases to 
95% as Qo is 1.5%. Full transmission is attained for Qo > 1 .5%. While the transmission is low, at 
Qo=l%i the resolution, as defined by Eqn.(3) is excellent (Res = 205). Increasmg Qo to 1.5%, 
increases the transmission but reduces the resolution to 170. The resolution decreases to 109, 73 
30 and 55 for Qo=2%, 2.5% and 3%, respectively. So, there is a trade-off between transmission and 
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resolution. Very high r^hitions can be achieved but at the cost of low transmissioa Increasing 
the inlet flow (QO effects the transmission curves because a higher Qj means a higher ion velocity 
and more spread in the ions as they emerge from the inlet. 

5 [0056] Figure 8b shows the transmission curves for Qi-1% with various Qo. For Qo=l%, the 
tran^ssion is only 35%, but the resolution is 255 using the strict definition of resolution as the 
width at half height. At Qo=1.5% the transmission ino-eases to 60% and the resolution decreases 
to 93 . That a high resolution MA can be built based on the prindples presented here is shown in 
Figure 9. This figure shows inverse resolution (IRes) as a fimction of Voltage for the mobility 

10 analysis of teraheptylammomum+ monomer ion (Z = 0.96 cm^/V /s) and dimer ion (Z=0.67 on^/V 
/s) for a working two element device. In the working device, the actual dimensions are RI 
0.75^ R01=1.5", R02 = 2.073", LS = 1.875", LI = 1.02"and RT = 0.05". The ion outlet (730) 
was positioned at the throatof the tiumpet (where the trumpet transitions to a cylinder). The 
inlet andoutiet flow rates were maintainedrat 1% and 2% of the total sheath gas flow rate, 

15 respectively. Note that the inverse resolution can be as low as 2% [and with some data points as 
low as 1 .9% for the monomer ion and as low as 1 .5% for the dimer ion]. (Martinez-Lozano, 
Labowsky, Fernandez de la Mora, 2004, in preparation). Similar to the other devices shown 
above, this device is also isopotential. The inlet (720) and outiet (730) are on the same element; 
The two element device, however, needs an outlet flow in order to collect the ions. Further, the 

20 sheath gas flow is acceleratmg in the analyzing region and the outlet is on the axis of the device. 
[0057] According to one aspect of the current invention, the sheath gas is accelerated 
immediately downstream of the screen and this acceleration coupled with the proper screen wire 
size and transparency (de La Mora, Difiusion Broadening in Converging Mobility Analyzers, J. 
Aerosol Science, Vol. 33, pp. 41 1-437, 2002) helps laminarize the flow allowing for high 

25 Reynolds number flow in the analyang regioa A Reynolds number in excess of 30,000 was 

achieved in the working two element device mentioned above. Hence, in contrast with Tammet*s 
designs, the presence of the electrified screen in this device does not prevent keeping the flow 
lammar at rather high Reynolds numbers. 
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[0058] Another possible novel feature of this device, is to use the screen (740) as a "high pass" 
CMA outlet for all the ions with K> Ksi. This is possible because the screen (740) is insulated by 
the junction (725). Since the screen (outlet) is upstream from the inlet, the outlet (screen) is 
upstream from the inlet and is a non-isopotential. There are several possible variations of the 
5 screen as collector idea. The screen could be made to act like a DMA by introducing a junction 
and a second element on the outer section upstream from the inlet and downstream of the screen. 
Such a device would then have three elements and two junctions. By maintaining an attractive 
voltage on the upstream outer section element, the highest K ions would be attracted to this new 
upstream outer element. Some ions with somewhat lower K values, however will still strike the 
10 screen. Hence by using this configuration, the screen-collector would act like a DMA outlet 
(collector). 

[0059] There are many other possible devices that can be made based on the disclosed principles. 
The two element configuration could be made into a three-element device by insulating the mner 

15 section from the outer section, making the inner section another element. A bias voltage on the 
inner section (now element) may have certain desirable characteristics for collecting ions. Such a 
device with an attractive bias voltage on the inner section would decrease the amount of outlet 
flow required to collect ions. Conversely, a slightiy repulsive bullet bias voltage may improve the 
resohition. While this device with a bias voltage would not be isopotential, it may be considered 

20 to be "neariy isopotential." A nearly isopotential device may be considered one in which the 
absolute value of the voltage diflFerence between the inlet and outlet is less than 60% of the 
absolute value of the maximum, voltage difference between the inlet and any other element in the 
device. In this two element device, this maximum voltage difference is the voltage difference 
between the inlet and the screen. 

25 

AXIAL ION INLET DEVICES 

[0060] The principles demonstrated m the above samples can be used to create many other 
devices. In the two element device, the ions were injected on the outer section and collected on 
the axis. It is also possible to have the ion inlet on the axis. Figure 10 shows the ion trajectories 
30 in one such axi^symmetrical device. This device consists of an outer cylinder (1000, 1020) of 



23 



wo 2004/077016 



PCT/US2004/005133 



radius R2 inside of which is an inner dement (1010). This inner el^^ (1010) is cylindrical (Ri) 
on one end bullet shaped on the other. The characteristic length for this device is Ri. For this 
particular device shown, R2=1.3 Ri. The outer cylinder has two elements separated by a junction 
(1040). The outer right element (1000) voltage is Vor the outer left element (1020) voltage is Voi 
5 and the bullet (inner element(lOlO)) voltage is Vb. 

[0061] The bullet in this emnple is ellipsoidal in shape with an axis ratio of 3:1, but other values 
are possible. Choosing the characteristic voltage diflference as the voltage di£ference between the 
outer left 3nd right elements, the dimensionless voltages are V*of= 0.5, V*b=0 and V*^ = -0.5 m 
10 this example. Hence the outer right element (1000) is attractive and the outer left element (1020) 
is repulsive with respect to the ion inlet (1030). As indicated, sheath gas (1060) flows from right 
to left. 

[0062] The behavior of this device is quite interesting. The dashed trajectory (1072) is the 
15 stagnation trajectory which branches out after passes through the indicated stagnation point 

(1070). Ions that pass through this pomt have a K of Ks. Upon leaving the inlet, the electrical 
fields are such that the ions are attracted upstream by the outer right element (1000). Opposing 
this upstream motion is the downstream action of the sheath gas (1060). Ions with K < Ks have a 
mobility that is too low to penetrate far upstream and are pushed downstream by the sheath gas. 
20 If the outer right element (1020) were not repulsive, these ions would pass through the annuls 
region between the inner and outer elements. However, the outer right element is repulsive, and 
of suflBcient strength to force these ions back to the inner element (1010). The trajectories for 
ions with K<Ks are marked 1075. If an outlet were placed at the strike point (1050) on the 
mner element, such an outlet would be an isopotenial CMA Outlet. Further such an outlet is on 
25 the same element as the inlet and the ions are focused on this outlet. 

[0063] Ions with K > Ks can penetrate fiirther upstream after leaving the mlet but eventuUy reach 
a point where the downstream action of the sheath gas is greater than the upstream (gxial) 
attraction of the outer right element (1000). The electrical field in this region, however, has a 
30 radial as well as an axial component. While the axial component is not sufiiciently strong to pull 
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the ions upstream against the sheath gas, the radial compon^ attracts the ions to the outer right 
element (1000). The ions strike this element at pomts whiph are dependent on the ion mobility. 
Hence, if an outlet (1055) were located on this element, it would be a DMA outlet. Such an 
outlet, however, would not be isopotential, but the dimehsionless voltage difference between the 
5 mlet (V*b) and the outlet (V VV*or=0.5) is half that of the Prior Art DMA shown in Figure 1 and 
half the maximum voltage difference that exists in the device. This maximum dimensionless 
voltage difference would be the voltage difference between the outer left and out^ right voltages 
(V*orV*or = 1, since Voi-Vor = Vc). Also note that as shown, the DMA outlet (1055) is upstream 
from the inlet (1030). 

10 [0064] This device shows many of the same properties of the other devices discussed in this 
patent: 1) the presence of a junction 2) the presence of an ion stagnation point 3) an isopotential 
outlet 4) ah outlet that is on the same element as the mlet 5) an outlet that is at the focal pomt of 
the ions. In addition, however, this device 6) shows an inlet that is on the axis of the device and 
7) an outlet that is upstream from the inlet. 

15 [0065] There are many variations on this device. As shown, the junction (1040) is located 

radially above the ion mlet (1030). The inlet could be upstream or downstream of the junction. 
The dimensionless voltages of the elements can also be varied. The bullet can have a different 
shape than the one shown provided that the shape does not introduce any flow irregularities in the 
analyzing region. All such changes would affect the value of Ks and the location of the ion focal 

20 point. One could easily envision a device with more than two outer elements (more than one 
junction). Indeed, it would be possible to have several outer elements with voltages such that the 
resulting electrical field has a linear axial component. One such device is shown in Figure 1 1 

[0066] This device consists of an outer cylinder (1 100) and an inner cone shaped bullet. The 
25 outer cylinder contains many junctions, indicated by perpendicular lines inside the outer cylinder 
(1 1 00). The numerous elements in the outer cylinder are between the junctions. The 
dimensionless voltages on each element are set such that there is a Imear progression in the 
voltages from down stream to upstream. The negative numbers above the outer cylinder (1 100) 
show the approximate value of the dimensionless voltage on the elements below the numbers. 
30 This progression is such that the upstream voltage is lower (more attractive) than the downstream 
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voltages. The bullet in this case has a large axis ratio and approximates a cone, but can have other 
shapes. The ion inlet (1120) is a small hole at the tip of the bullet which is at ground. The 
trajectories of the ions are with various K values in intervals of AK of . 1 are showa The 
trajectory that is farthest to the left (1070) is for K = 0.2. The next trajectory (1071) is for K = 0.3 
and so forth. The sheath gas (1 160) flows into the device from right to left. An outlet could be 
placed anywhere on an element in the outer cylinder (no outlet is indicated in the drawing). The 
presence of stagnation points is not obviou? from this drawing, but they do exist in the vicinity of 
the junctions. Indeed, this device has many ion stagnation points. This device is not isopotential 
but the large spatial separation ii) the trajectories is an indication that in the absence of difiRjsion 
and space charge effects^ the resolution of such a device may be high. It should also be noted that 
while the outer qrlinder has a linear voltage distribution, but other voltages distributions are 
possible. 

[0067] In the all the above axi-^mmetrical (AS) devices, it may be desirable to make the outer 
element(s) conical rather than cylindrical so the sheath gas is accelerating in this region to reduce 
the possibility of sheath gas flow irregularities. For the 2D devices, the plates may be slightly 
convergmg to accelerate the flow. It should also be remembered that 2D equivalents of the AS 
devices can be made and vis versa. 

[0068] This patent specification shows only a few of the many possible embodiments of the 
invention. Many other devices can be made based on the principles disclosed here. In the manner 
described above, the present invention thus provides a method and apparatus to separate ions 
based on their ion mobilities. While this invention has been described with reference to the certain 
embodiments, these embodiments are illustrative only and not limiting, having been presented by 
way of example. Other modifications will become apparent to those skilled in the art by study of 
the specification and drawings. It is thus intended that the foUovmig appended claims include 
such modifications as fell within the spirit and scope of the present inventipn. 
[0069] What we claim is: 
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CLAIMS 

1 . A method for separating ions in a mobility analyzer having an inlet and an outlet said 
method comprising the following steps: 

a. introducing a stream of ions of into an analyang region through said inlet; 

b. introducing laminar sheath gas flow into said mobility analyzer upstream from said 
analyzing region; 

c. maintaining of said laminar sheath gas flow as substantially laminar in the said 
analyzing region; 

d. providing an electrical field in said analyzing regioii wherein said electrical field is 
generated by elements separated by junctions; 

e. using the said laminar sheath gas flow and the said electrical field to separate the 
ions by mobility in the said analyzing region; 

f. collecting said separated ions within a range of electrical mobilities through said 
outlet. 

2. A method according to 1, wherein the said inlet and said outlet are on the same element. 



3. A method according to 1, wherein the voltage diffa-ence between said inlet and said outlet 
iszOTO. 

4. A method according to 1, wherein the voltage dJBFerence between said inlet and said outlet 
is less than the maximum voltage difference between the inlet and any other element. 



5. 



A method according to 1, whercan an ion stagnation point ^st in the analyzing region. 



6. A method according to 1, wherein ions are focused on said outlet. 
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7. A method according to 1, wherein said analyzing region is in a region where said 
laminar sheath gas flow is accelerating. 

8. A method according to 1, wherdn an electrified screen is used to provide the electric field 
in the analyzing region. 

9. A method according to 1 , wherein a conducting screen is used to collect ions. 

10. A method according to 1, wherdn ions are collected on the axis of the device. 

11. A method according to 1, wherein the outlet for the ions is on an element which has a 
voltage which is repulsive to the ions. 

12. A method according to 1, wherdn the inlet for the ions is on the axis of the device. 

13. A method for separating ions in a mobility analyzer having an inlet and an outlet said 
method comprising the following steps: 

a. introducing a stream of ions of into an analyzing region through said inlet; 

b. introducing laminar sheath gas flow into said mobility analyzer upstream firom said 
analyzing region; 

c. maintaining of said laminar sheath gas flow as substantially laminar in the said 
analyzing region; 

d. providing an electrical field in said analyzing region wherein said electrical fiild is 
generated by elements charged to various voltages; 

e. providmg auxiliary sheath gas flows; 

f using the said laminar sheath gas flow said electrical field and said auxiliary sheath 
gas flows to separate the ions by mobility in the said analyzing region; 

g. collecting the separated ions in said outlet. 

28 



wo 2004/077016 PCT/US2004/005133 

14. A method according to 13, wherein the said inlet and said outlet are on the same element. 

15. A method according to 13, wherdn the voftage difference between said inlet and said 
outlet is zero. 

16. A method according tol3 , wheron the voltage difference between said inlet and said 
outlet is less than the maximum vohage difference between any two said elements. 

17. A method according to 13, wherein ion stagnation points exist in the analyzing region. 

18. A method according to 13, whraein ions are focused on said outl^. 

19. A method according to 13 wherein the laminar sheath gas flow is accelerating in the 
analyzing region. 

20. A method according to 13, wherein a conducting screen is used to collect ions. 

21 . A method according to 1 3, wherein ions are collected on the axis of the device. 

22. A method according to 13, wherein the outlet for the ions is on an element which has a 
voltage which is repulsive to the ions. 

23. A method accordmg to 13 wherein the inlet for the ions is on the axis of the device. 

24. A method accordmg to 13 wherein said elements are separated by junctions. 

25. A method for separating ions in a mobihty analyzer having an inlet and an outlet said 
method comprising the following steps: 

a. introducing a sfa-eam of ions into said analyzing region through said inlet; 

b. introducing said laminar sheath gas flow into said mobility analyzer upstream from 
said analyzing region; 

c. maintaining of said laminar sheath gas flow as laminar in tiie said analyzing region; 
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d. providing an electrical field in said analyzing region by charging elements to 
various voltages; 

e. the said laminar sheath gas flow and the said electrical field separate the ions by 
mobility in the said analyzing region; 

f. collecting said separated ions on said outlet^ said outlet bdng on the axis of the 
said analyzing region. 

26. A method accordmg to 25 wherein said elements are separated by junctions. 

27. A method according to 25 wherein the voltage difference between said udet and said 
outlet is zero. 

28. A method according to 25 , wherein the voltage difference between said inlet and said 
outlet is less than the maximum voltage difference between any two said elements. 

29. A method according to 25, wherein ions are focused on said outlet. 

17. A method according to 25 wherem the laminar sheath gas flow is accelerating m the 
analyzing region. 

30. A method according to 25, wherein a conducting screen is used to collect ions. 

31. A method according to 25, wherein the outlet for the ions is on an element which has a 
voltage which is repulsive to the ions. 

32. A method according to 25 wherein the inlet for the ions is on the axis of the device. 

33. A method according to 25 wherein said elements are separated by junctions. 

34. A method for separating ions in a mobility analyzer having an inlet and an outlet said 
method comprismg the following steps: 

a. introducing a stream of ions into said analyzing region through said mlet; 
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b. introdudng laminar sheath gas flow into said mobility analyzer upstream from said 
analyzing region; 

c. maintaining of said laminar sheath gas flow as laminar in the said analyzing region; 

d. providing an electrical field in said analyzing region by charging elements to 
various vpltages; 

e. . using said laminar sheath gas flow and the said electrical field to separate the ions 

by mobility in the said analyang region; 

f. collecting said separated ions in said outlet, said outlet being upstream from said 
inlet. 

35, A method for separating ions in a mobility analyzer having an inlet and an outlet said 
method comprising the following steps: 

a. . introducing a stream of ions of into an analyzing region through said inlet; 

b. introducing laminar sheath gas flow into said mobility analyzer upstream from said 
analyzing region; 

c. mamtaining of said lammar sheath gas flow as substantially laminar in the said 
analyzing region said sheath gas flow having a Reynolds number in excess of 2000 
in said analyzing region; 

d. providing an electrical field in said analyang region wherein said electrical field is 
generated; 

e. using the said laminar sheath gas flow and the said electrical field to separate the 
ions by mobility in the said analyzing region; 

f collecting the separated ions in an outlet wherein the voltage difference between 
said uilet and said outlet is zero. 
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A method for separating ions in a mobility analyzer having an inlet and an outlet said 
method comprising the following steps: 

a. introducing a stream of ions of into an analyzing region through said inlet; 

b. introdudng laminar sheath gas flow into said mobility analyzer upstream from said 
analyzmg region; 

c. maintammg of said laminar sheath gas flow as substantially laminar in the said 
analyzing region; 

d. providing an electrical field in said analy2ing region wherein said electrical field is 
generated; 

e. usmg the said laminar sheath gas flow and the said electrical field to separate the 
ions by mobility in the said analyzing region; 

f collectmg the separated ions in an outlet wherein the voltage difference between 
said inlet and said outlet is less than the maximum voltage difference between any 
two said elements. 

A method for separating ions in a mobility analyzer having an inlet and an outlet said 
method comprising the following steps: 

a. introducing a stream of ions of into an analyzing region through said inlet; 

b. introducing laminar sheath gas flow into said mobility analyzer upstream from said 
analyzing region; 

c. maintaming of said lammar sheath gas flow as substantially laminar in the said 
analyzing region; 

d. providing an electrical field in said analyzing region wherein said electrical field is 
generated; 
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e. using the said laminar sheath gas flow and the said electrical field to separate the 
ions by mobility in the said analyzing region; 

f. collecting the separated ions in said outlet wherein the said inlet and said outlet are 
on the same element. 

A method for separating ions in a mobility analyzer having an inlet and an outlet said 
method comprising the following steps: 

a. introducing a stream of ions of into an analyzbg region through said inlet; 

b. introducing laminar sheath gas flow into said mobility analyzer upstream from said 
analyzing region; 

c. maintaining of said laminar sheath gas flow as substantiafly laminar in the said 
analyzing region; 

d. providing an electrical field in said analyzing region wherein said electrical field is 
generated by elements charged to various voltages; 



e. 



using the said laminar sheath gas flow and the said electrical field to separate the 
ions by mobifity in the said analyzing region said analyzing region contaming an ion 
stagnation point; 

collecting the separated ions in an outlet wherein the voltage difference between 
said inlet and said outlet is less than the maximum voltage diflFerence between said 
inlet and any one of said elements. 
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